Accurate interpretation of microscopic changes in tissues is critical in hazard identification and risk assessment. To address a possible confounder, the effects of postmortem interval on hepatocyte vacuolation and liver weight were studied in fasted and nonfasted Sprague-Dawley rats. Male and female rats (5/sex/interval) were euthanized with CO 2 , weighed, and necropsied either immediately or after remaining in the closed CO 2 chamber for 5, 10, or 25 minutes after respirations ceased. The liver was removed, weighed, and fixed for light microscopy, immunohistochemistry, and electron microscopy. The liver weight and liver to body weight ratio increased significantly in both male and female rats. Postmortem hepatocellular vacuolation was more prominent in males than in females. Both fasted and nonfasted males were similarly affected, however, fasted females were affected more than nonfasted females at the 25-minute interval. Ultrastructurally, intracytoplasmic vacuoles in hepatocytes and/or endothelial cells contained electron-lucent material that was morphologically similar to plasma in sinusoidal spaces. Results of our study suggest that hepatocyte vacuoles were formed in a postmortem time-dependent manner as a result of plasma influx into the cytoplasm. This change was associated with hepatic sinusoidal congestion and increases in liver weight. Males were more sensitive than females to postmortem hepatocyte vacuolation.
INTRODUCTION
Accurate interpretation of microscopic changes in tissues is critical in hazard identification and risk assessment. Distinguishing subtle drug-associated tissue changes from spontaneous, incidental, or postmortem changes in safety studies is often challenging. Postmortem changes begin immediately after euthanasia. Among many external (eg, temperature, humidity, light, and trauma) and internal (eg, body temperature, surface to volume ratio, and physiological or nutritional status) factors that may affect the tissue morphology, the time interval between death and necropsy is the most critical factor associated with postmortem tissue alteration (6, (8) (9) (10) (11) (12) (13) (14) (15) .
At the termination of preclinical safety studies, rodents are often euthanized with CO 2 or other anoxic gases in a closed chamber. The amount of CO 2 and time in the chamber or the time interval before necropsy may vary considerably. It has been reported that anoxia induces postmortem hepatocyte vacuolation and liver weight increase when animals are not immediately bled or necropsied (14, 15) . However, observations vary regarding the morphology, content and temporal progression of hepatocyte vacuoles (2, 6, 9, 10, 12, 14, 15) . Some studies have shown that pronounced hepatocyte vacuolation can occur as soon as 30 seconds after organ perfusion ceases in vitro or by 3-4 minutes after death in an anoxic chamber (14, 15) . The purpose of our study was to characterize the morphogenesis, content and temporal progression of postmortem hepatocyte vacuolation and liver weight change in rats as a consequence of postmortem hypoxia. It is important to recognize this artifactual change that could potentially confound the interpretation of liver findings of safety studies.
MATERIALS AND METHODS
A total of 25 male and 25 female Sprague-Dawley rats, 7 to 8 weeks of age, were evaluated for the effects of postmortem interval on the morphogenesis of hepatocyte vacuolation and liver weight after euthanasia. Animals were supplied by Charles River Laboratories and fed a standard certified rodent diet. Rats were weighed twice (15-to 16-hour intervals), on the day before necropsy (day 1) and at the time of necropsy.
The rats were euthanized in a closed chamber charged from a CO 2 cylinder and were necropsied either immediately (0 minute) or after remaining in the closed chamber for 5, 10, or 25 minutes, following cessation of respiration. For the 25-minute interval, a parallel group of 5 males and 5 females were fasted overnight to examine the potential effects of fasting on the hepatocyte vacuolation and liver weight. At each postmortem interval, 5 rats per sex were weighed immediately before necropsy. Immediately after exsanguination via caudal vena cava, the liver was removed, weighed, and fixed for light microscopy, immunohistochemistry, and electron microscopy.
For light microscopy, the left and right lateral lobes were first trimmed into slices of 2-3-mm thickness before immersion in 10% neutral buffered formalin. The left and right medial lobes were fixed in formalin as whole lobes. After overnight fixation, representative sections were trimmed, embedded in paraffin, and stained with hematoxylin-eosin (H&E); a subset was also stained with the periodic acid-Schiff (PAS) method.
For electron microscopy, additional liver samples from the left lateral lobe were fixed in 2.5% glutaraldehyde and 2.5% paraformaldehyde and embedded in plastic. Semithin sections (1-um thick) were stained with Toluidine blue. Regions of interest identified by light microscopy were further processed for electron microscopy. For immunohistochemistry, liver sections were stained for albumin, adipophilin and beta-catenin. Albumin, a major plasma protein, was used as a marker for plasma (1, 7) . Adipophilin, present on the surface of cytoplasmic lipid droplets, was used as a marker for lipid (4) . Beta-catenin, a protein that binds to the cytoplasmic tail of E-cadherin, was used as a cell membrane marker (3) . Antibodies to albumin (rabbit anti-human albumin), adipophilin (Clone AP 125), and beta-catenin (Clone 14) were obtained from Dako (Carpinteria, CA), ProGen (Heidelberg, Deutschland), and Transduction Labs (Palo Alto, CA), respectively.
Liver sections were deparaffinized, hydrated, and rinsed in distilled water. Endogenous peroxidase was blocked with 3% hydrogen peroxide and endogenous biotin with Dako biotin blocking system for 10 minutes each. Antigens (adipophilin and beta-catenin) were retrieved using a steamer with Biogenex Citra at pH 6 for 20 minutes. Nonspecific binding sites were blocked with 10% normal horse serum (for adipophilin and beta-catenin) or Dako protein-free serum (for albumin) for 20-30 minutes. Antibody to albumin was applied at a dilution of 1:6,000, and followed by Vector biotinylated goat anti-rabbit IgG at 1:250 for 45 minutes. Antibody to adipophilin was applied at a dilution of 1:100 with 1% normal horse serum for 60 minutes, and followed by Vector biotinylated horse anti-mouse rat absorbed IgG at 1:150 for 45 minutes. Antibody to beta-catenin was applied at a dilution of 1:100 with 1% normal horse serum, followed with Vector biotinylated horse anti-mouse IgG rat absorbed at 1:150 for 45 minutes. Slides were rinsed with Biogenex wash buffer between applications of agents. Color was developed with Vector Elite ABC system and Dako liquid DAB. Negative controls included appropriate antibody isotypes and buffers.
Data Analysis
Body and liver weights and liver to body weight ratios were analyzed with the two-tailed t-test (Microsoft Excel 2000) and Dunnett's test after 2-way analysis of variance (SAS Stat 8.2); the results of the 2 statistical methods were the same. A p-value of <0.05 was considered as statistically significant. The severity of hepatocyte vacuolation was graded independently by three authors (XL, ME, and AR); mean severity scores were not analyzed statistically.
RESULTS

Liver and Body Weight
In nonfasted rats, liver weight increased as the postmortem interval increased, whereas body weight remained unchanged relative to day 1. Compared to the 0 minute interval, the absolute liver weight and the liver to body weight ratio were increased significantly ( p < 0.05) at 10 and 25 minutes in both sexes ( Table 1 ). The mean absolute liver weight increased by 14%, 26%, and 39% in males and by 8%, 13%, and 33% in females at 5-, 10-, and 25-minute intervals, respectively. Accordingly, the liver to body weight ratio increased from 10 to 30% in males and 5 to 24% in females when the postmortem interval increased from 5 to 25 minutes.
In rats fasted for 15-16 hours and collected at the 25 minute interval, the body weight was decreased ( p < 0.05) to 92.2% in males and 89.2% in females relative to day 1. The increases in liver weight and liver to body weight ratio in fasted rats were comparable to those of nonfasted rats at the 10-and 25-minute intervals.
Light Microscopy
In nonfasted rats, hepatocellular vacuolation was more prominent and developed at earlier postmortem intervals in males than in females (Table 1) . Hepatocellular vacuolation was slightly more prominent in fasted than nonfasted females, but was similar in fasted and nonfasted males at the 25-minute interval, the only interval for which the fasting effect was assessed ( Table 1) .
The cytoplasmic vacuoles were single or multiple, round or oval and often well demarcated, with variable displacement of hepatocyte nuclei. Some vacuoles were clear, but most had pale or eosinophilic contents with a homogeneous, granular and/or fibrillar appearance ( Figure 1A-D) . A mixture of a clear and eosinophilic staining appearance was frequently observed within a single vacuole or vacuoles in the same hepatocyte. Intracytoplasmic vacuoles increased in size and number and hepatocyte vacuolation and sinusoidal congestion extended from more centrilobular to periportal regions as the postmortem interval increased.
In nonfasted males, minimal focal or multifocal hepatocellular vacuolation and sinusoidal congestion were observed in 3 of 5 rats immediately after euthanasia ( Figure 1A and B ). There were only a few vacuolated hepatocytes in the centrilobular region of a few lobules in these affected animals. By 5 minutes after euthanasia, mild hepatocyte vacuolation was observed in the centrilobular region of all male rats. In some affected lobules, vacuolated hepatocytes were observed also in the midzonal, but rarely in the periportal region. By 10 minutes after euthanasia, single and, more frequently, multiple vacuoles were present in individual hepatocytes. The vacuolated hepatocytes were primarily distributed in the centrilobular and midzonal regions, but were observed also in the periportal region.
By 25 minutes after euthanasia in nonfasted and fasted males, the sinusoidal spaces were markedly congested ( Figure 1C ). Although vacuolated hepatocytes generally still had a centrilobular distribution, whole lobules were diffusely affected in some areas. Some vacuoles coalesced and were irregular in size and shape, up to approximately 25 µm in diameter. Vacuolar contents sometimes appeared more fibrillar TOXICOLOGIC PATHOLOGY or flocculent ( Figure 1C , insert). Vacuolated hepatocytes were variably enlarged, up to approximately 40 µm in diameter; cytoplasmic and/or nuclear contours were often irregular.
In females at the 25 minute interval, minimal hepatocellular vacuolation was observed in 4 of 5 nonfasted rats, and minimal or mild hepatocellular vacuolation in all fasted rats. In nonfasted females, hepatocellular vacuoles were scattered irregularly in the affected lobules or lobes. In some fasted females, hepatocyte vacuolation and sinusoidal congestion were comparable in severity to those in fasted or nonfasted males at the 25-minute interval.
Hepatocyte vacuoles were observed only sporadically in a few nonfasted females at 0, 5, and 10 minutes after euthanasia, and the severity did not increase with time intervals. The vacuoles were usually single and often adjacent to or displacing the nuclei ( Figure 1D ). The vacuolar content stained positive for albumin and ultrastructurally resembled plasma.
We have occasionally seen this type of vacuole in our routine studies, mostly at the periphery or subcapsular region of liver sections.
In this study, the distribution of vacuolated hepatocytes within the liver was variable, but not all lobes or lobules were equally affected in severity. In general, the left and right lateral lobes were more affected than the left and right medial lobes (data not shown). It was uncertain whether fixation of the liver in 2-3-mm slices (lateral lobes) versus fixation of intact whole lobes (medial lobes) contributed to these differences in vacuolation, or it was a reflection of the difference in blood perfusion. In some lobes or lobules, vacuolated hepatocytes tended to be distributed subjacent to the capsule or at the periphery of liver sections; whereas in others, the vacuolated hepatocytes or lobules were randomly or irregularly distributed. Within affected lobules, however, hepatocyte vacuolation developed predominantly around the centrilobular region, and as postmortem intervals increased, extended to the midzonal and periportal regions.
Histochemistry and Immunohistochemistry
Periodic acid-Schiff staining of the vacuolar content was weakly positive, similar to plasma in the sinusoidal space or the vascular lumen (Figure 2A) . In contrast, intracytoplasmic glycogen granules were strongly positive, indicating that the vacuolar content was not glycogen.
Immunohistochemistry demonstrated that the vacuolar content was strongly positive for albumin ( Figure 2B) , as was the plasma in the sinusoidal space or the vascular lumen. Beta-catenin did not stain the vacuoles ( Figure 2C) , but stained the cell membrane of hepatocytes, indicating that the vacuoles were not formed by intracytoplasmic invagination of plasma membrane. Adipophilin did not stain the vacuoles ( Figure 2D ), but stained intracytoplas-mic fat droplets, indicating that the vacuoles were not lipid droplets.
Electron Microscopy
Ultrastructurally, sinusoidal congestion and plasma distension of the space of Disse were observed in some centrilobular regions in males immediately after euthanasia. In some lobules, plasma expanded the intercellular space and extended into the cytoplasm of hepatocytes and endothelial cells adjacent to the sinusoidal space.
The vacuoles contained electron-lucent material that morphologically resembled the plasma in the sinusoidal space in males by 5 and 10 minutes. At the periphery of the vacuole, there was often a thin rim of compressed cytoplasmic components or organelles, but generally vacuoles had no evidence of a plasma membrane. Continuity with or a direct connection between the vacuole and the space of Disse or sinusoids was TOXICOLOGIC PATHOLOGY sometimes observed ( Figure 3A and B) . Disruption of plasma membrane, intracytoplasmic influx of plasma, and vacuoles containing organelles or lamellar debris were observed in some hepatocytes ( Figure 3C and D) .
Many coalesced vacuoles were more irregular in size and shape in both males and females by 25 minutes, with variable displacement of nuclei. Fibrin strands and/or erythrocytes were observed in some vacuoles ( Figure 4A and B) . Displacement of nuclei or organelles by the plasma influx was observed in many hepatocytes ( Figure 4C and D) .
DISCUSSION
Our study demonstrated that development of postmortem hepatocyte vacuolation and liver weight increases occurred in a postmortem interval dependent manner in SD rats. Males were more susceptible than females to hepatocyte vacuolation. The change has been variably reported and attributed to the postmortem effects of anoxia, inadequate exsanguination or delay in necropsy (2, 6, 9, 10, 14, 15) .
Postmortem hepatocyte vacuolation has been reported to occur when an animal has been left in an anoxic euthanasia chamber after death. The postmortem interval in which hepatocyte vacuoles develop varies from 30 seconds to 30 minutes. Kimura and Abe observed hepatocyte vacuoles in male Wistar rats immediately after death (6) . Trowell observed the vacuolation generally from 5 to 15 minutes after animals died of anoxia or asphyxia (15) . The reported variations in the postmortem intervals were likely associated with animal species, strain or sex and/or study conditions. For example, Sykes et al. observed pronounced hepatocyte vacuolation in as early as 30 seconds after animals were euthanized with nitrogen gas and in 3-4 minutes with other anoxic gases or gas mixtures (14) . Our study demonstrated that hepatocyte vacuolation occurred in male rats immediately after cessation of respiration Vol. 31, No. 6, 2003 POSTMORTEM HEPATOCYTE VACUOLATION 687 and that vacuolation progressed when rats remained in the anoxic chamber for extended periods after death.
Postmortem hepatocyte vacuolation has been reported in the liver of mice, rats, guinea pigs, rabbits and monkeys (2, 6, 9, 10, 12, 14, 15) . The cytoplasmic vacuoles observed in the previous studies were similar in shape (round to oval), but varied in size and number. Previous studies demonstrated that vacuoles were 2 to 15 µm in diameter or usually less than the size of nuclei in rats examined within 15 minutes after death (14, 15) . Our study identified numerous hepatocyte vacuoles up to 25 µm in diameter at 25 minutes. In this regard, it is noteworthy that intracytoplasmic vacuoles increased in size and number as the postmortem interval increased. Some studies have shown that some vacuoles are completely or partially bound by a single membrane (14) . Our study demonstrated that the membrane-like structures around the vacuoles are most likely a thin-rim of cytoplasmic components or organelles displaced by plasma influx.
Hepatic anoxia and high intrahepatic blood pressure are two critical factors for postmortem hepatocyte vacuolation (15) . It has been proposed that anoxia increases the permeability of hepatocytes and that high venous or intrahepatic blood pressure forces sinusoidal plasma into hepatocytes to form the vacuoles. With severe anoxia and/or increased intrahepatic hydrostatic pressure, the hepatocyte vacuoles are much larger and develop faster (6, 14, 15) . In animals that die of anoxia or asphyxia, venous blood pressure rises sharply during the first 5-10 minutes and may persist for hours after death, a time period coincident with the vacuole development (15) . In contrast, hepatocyte vacuoles were not observed if animals were bled immediately after death, presumably by preventing the increase in venous or intrahepatic blood pressure (6, 14) . Centrilobular distribution of the vacuolated hepatocytes may be associated with both a lower oxygen gradient and a higher venous pressure in the region.
Our study demonstrated that postmortem hepatocyte vacuoles were formed by intracytoplasmic influx of plasma secondary to sinusoidal congestion. Previous studies have suggested that the vacuolar contents were watery fluid or plasma (14, 15) . In our study, vacuolar contents were morphologically similar to plasma in the hepatic sinuses and vascular lumen. Furthermore, the staining characteristics clearly suggest that the vacuolar contents were of plasma origin. This is further supported by the ultrastructural observation of a direct connection between the vacuole and the space of Disse or sinusoids, and the presence of fibrin strands and erythrocytes in some vacuoles. A combination of intracytoplasmic plasma influx and sinusoidal congestion might have contributed to the liver weight increase. The magnitude of increases in the liver weight and liver to body weight ratio correlated to the severity of hepatocyte vacuolation and sinusoidal congestion in male rats, but less so in female rats.
Hepatocyte vacuoles develop faster and are more numerous, smaller and widespread in fasted than in nonfasted rats (15) . This finding is consistent with our observation in female rats, where hepatocyte vacuolation was more prominent in fasted than in nonfasted females at 25-minute intervals. This may reflect higher glycogen content in nonfasted hepatocytes. In rats, hepatocytes with high glycogen content are relatively resistant to vacuolation (15) . However, in males from our study, the degree of hepatocyte vacuolation was similar in fasted and nonfasted rats.
In our study, male rats were more susceptible than females to postmortem hepatocyte vacuolation, a difference that has also been reported in male mice (2) . Although the mechanism for gender-related hypoxic tolerance is unknown, males are more susceptible than females to hypoxic injury in general (5, 13) . Hypoxic tolerance varies with, and is modulated by, endogenous hormones during the estrous cycle in female mice (5, 13) . Administration of exogenous estrogens and/or progesterone improves hypoxic tolerance. Furthermore, injection of estradiol in castrated male mice and spayed female mice increases survival with hypoxia (13) . In addition, when neonates are injected with estradiol, they subsequently develop higher resistance to hypoxia in adults (13) . In our study, male SD rats are more sensitive than females to the hepatocyte vacuolation, suggesting that sex hormones may play a role in the pathogenesis of this hypoxia-induced change.
In summary, postmortem hepatocyte vacuolation developed as a result of intracytoplasmic influx of plasma secondary to sinusoidal congestion, which not only complicates the interpretation of hepatocyte morphology, but also increases the liver weight. Thus, increases in the liver weight or liver to body weight ratio should be interpreted cautiously when postmortem hepatocyte vacuoles are observed in safety studies.
